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RNA Polymerase Slides Home: Minireview
Pause and Termination Site
Recognition
Robert Landick many amino acid biosynthetic operons in enteric bacte-
ria (e.g., the his and trp leader pause signals). TheseDepartment of Bacteriology
University of WisconsinÐMadison pause and termination signals each include a nascent
RNA stem-loop structure (not all classes of pause andMadison, Wisconsin 53706
termination signals do). Each signal is multipartite and
depends on (i) the pause or terminator RNA hairpin, (ii)
the 39-proximal region between the hairpin and the RNA
In bacteria, premature termination of transcription by
39 end, (iii) the 39 nucleotide and incoming nucleoside
RNA polymerase (RNAP) or inhibition of termination in
triphosphate (NTP), and (iv) duplex DNA downstream
DNA segments preceding targeted genes regulates pro-
from the RNA 39 end (Figure 1).
cesses from amino acid biosynthesis to phage replica-
At both the pause and termination sites, this multipar-
tion and assembly. In these regulatory DNA segments,
tite signal appears to control two distinct mechanistic
a prodigious diversity of mechanisms couples cellular
branchpoints (Figure 1) (Chan et al., 1997, and refer-
information to regulatory decisions by RNAP (see refer-
ences therein). The first branchpoint (isomerize versus
ences in Uptain et al., 1997).
bypass, Figure 1) occurs when RNAP arrives at the site
Each mechanism modulates one or more intrinsic sig-
and either isomerizes to a paused conformation or by-
nal in DNA and nascent RNA that can divert a fraction
passes the site by remaining in a rapidly elongating
of RNAP from the path of rapid chain elongation. Three
conformation. At the second branchpoint (escape ver-
such signals are: (i) pause signals, which can halt RNAP
sus dissociation, Figure 1), the paused TC either es-
temporarily to await interaction of a regulatory molecule,
capes back to the elongation pathway or dissociates.
but from which it can escapespontaneously; (ii) termina-
At a pause, competition between the pause and bypass
tors, which can irreversibly release RNA and DNA from
RNAP (RNAP is obligately processive; i.e., it never ex-
tends released RNA chains); and (iii) arrest signals,
which can mislocate RNAP's active site over an internal
phosphodiester in the synthesized RNA chain so that
escape requires active site-catalyzed hydrolysis of the
transcript (usually stimulated by the auxiliary proteins
GreA or GreB in bacteria or SII in eukaryotes).
For decades, biologists have puzzled over how the
elongating transcription complex (TC) can rapidly tran-
scribe the long segments of DNA that comprise genes
or operons (up to 104 or 106 bp at up to 100 nt/s or 30
nt/s in bacteria or higher eukaryotes, respectively) yet
still recognize these regulatory signals. RNAP must grip
RNA and DNA tightly enough to avoid even a low fre-
quency of dissociation yet loosely enough to translocate
along the chains quickly, and it must be able to reverse
one or both of these properties with high efficiency at
the single template positions where pausing or termina-
tion is programmed. Alternative theories have empha-
sized either RNA:DNA base-pairing or protein-nucleic
acid contacts as the key determinants of TC stability,
Figure 1. A Mechanism for Hairpin-Dependent Pausing and r-Inde-pausing, and termination. Recent findings now suggest
pendent Termination
a synthesis of these ideas in a sliding-clamp model of
RNAP arrives at site in a conformation that allows backward sliding,the TC. In this model, RNAP encircles duplex DNA ahead
which relocates the active site (double circles) 1 or more nt back
of the active site and can slide backwards to increase along the transcript and decelerates the rate of NTP addition (sliding
the stability of a constant-sized z8 bp RNA:DNA hybrid. depicted in brackets and indicated by two-headed arrow). Hairpin
formation then triggers isomerization to the paused TC. Isomeriza-In this short review, I will (i) describe our current under-
tion competes with bypass, in which NTP addition allows RNAP tostanding of exemplary pause and termination signals,
move past the potential site of pausing or termination. In the paused(ii) explain the alternative views of TC structure and the
TC, differences in the length and composition of the 39-proximalsliding-clamp model, and (iii) discuss how well this new
RNA determine the stability of the RNA:DNA hybrid, whether the
model explains pausing, termination, and other myster- hairpin disrupts RNA-RNAP contacts upstream from the hybrid, and
ies of RNA chain elongation and its regulation. the potential for RNA hairpin-RNAP interaction (a stable paused
conformation is depicted here). Together with contributions of theMultipartite Regulatory Signals
other components, these interactions determine whether the escapeMultiple classes of pause, termination, and perhaps ar-
or termination pathway dominates. The star signifies unreactive po-rest signals exist (Uptain et al., 1997, and references
sitioning of the RNA 39-end in the paused TC, for which severaltherein). Among themost studied classes, and thus most
configurations are possible (see text).The four components of pause
useful examples, are r-independent terminators and the and termination signals are color-coded and labeled on the paused
pause signals that couple ribosome and polymerase TC: pause or terminator hairpin (magenta), 39-proximal RNA (green),
active site bases (red), downstream DNA duplex (blue).movements in attenuation control regions that precede
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pathways determines the fraction of RNAP molecules A Synthesis: RNAP as a Sliding Clamp
that pause (pausing efficiency), whereas the rate of Recent findings suggest a synthesis of the inchworm
escape determines the dwell time (half-life). At a termina- and monotonic models in a sliding-clamp model of
tor, termination efficiencymay bedetermined by compe- RNAP translocation (Figure 2D). In this view, a relatively
tition between pausing and bypass, between dissocia- rigid RNAP can slide backward along the RNA and DNA
tion and escape, or both (see Figure 1). chains shifting the RNA:DNA hybrid and the transcrip-
These different outcomes result from slight differ- tion bubble with it. This would displace the RNA 39 end
ences in the signal. The 39-proximal RNA at terminators from the active site (possibly to a distinct RNAP site) as
is 7±9 nt (versus 10 or 11 for trp and his pause signals) the downstream duplex re-forms. Lateral stability of the
and contains at least 3 tandem U residues immediately TC (i.e., its resistance to sliding) depends on the strength
after the hairpin (7 or more U's obviate the effects of of the RNA:DNA hybrid at nearby template positions.
downstream DNA at terminators). Arrest also involves Associative stability (the thermodynamic barrier to dis-
competition between rapid elongation and decay to an sociation) depends on a clamp-like feature of RNAP that
inactive state, and is stimulated by U-tracts in RNA and encircles the downstream DNA duplex. Inchworm-like
certain downstream DNA sequences, but not by RNA footprints could arise because RNAP slides backwards
hairpins (Uptain et al., 1997, and references therein). to re-form a stable RNA:DNA hybrid when it is halted at
Alternative Models of TC Structure and Regulation successive positions where the hybrid is weak. Hairpin
Two ideas have dominated the past decade of thinking formation or a new strong hybrid would inhibit sliding,
about TC structure and regulation. Yager and von Hippel creating the apparent discontinuous jump. Sliding of
(1991) explained how RNAP switches from rapid, stable RNAP forward and backward while the DNA is being
elongation to termination by postulating that an z12 bp digested by nucleases could reduce the number of base
RNA:DNA hybrid is the chief thermodynamic barrier to pairs that appear to be protected within DNA footprints.
TC dissociation. In this model (Figure 2A, monotonic This model arose from independent findings by
transcription), RNAP maintains an unchanging set of Reeder and Hawley (1996) and Komissarova and Kash-
RNAP-nucleic acid contacts that translocate by one bp lev (1997) that arrest can be blocked by oligos paired
or nt along the DNA and RNA chains as each NMP is tonascent RNA as it exits from theTC (6±10 mers hybrid-
added. Termination results solely from partial disruption ized to within 14±16 nt of RNA 39 end). Both groups
of the RNA:DNA hybrid by hairpin formation and the
suggest that the oligos block arrest by preventing up-
known instability of the residual rU´dA base pairs.
stream sliding of an inflexible RNAP, in disagreement
An alternative model was proposed by Chamberlin
with the inchworm model's predictions that neither the
(1995), who argued that the hybrid makes no contribu-
RNA footprint nor the downstream DNA contact change
tion to TC stability and may be only 2±3 bp. Noting
upon arrest (Figure 2C). Komissarova and Kashlev (1997)
differences in the sizes of DNA and RNA footprints when
directly demonstrate that constant-sized RNA and DNARNAP was halted by withholding NTPs at successive
footprints move upstream as a halted complex becomestemplate positions (called halted complexes to distin-
arrested.guish from a paused TC, Figure 2B), Chamberlin sug-
Although a version of the inchworm model (Reedergested an inchworm model of elongation (Figure 2C).
and Hawley, 1996) could explain the antiarrest activityAlternate locking and sliding of front and back DNA and
of oligos (but not the RNA footprints), several additionalRNA contacts in a flexible RNAP could ensure that the
findings strongly support the sliding-clamp model. First,enzyme always maintains at least one tight contact. This
it readily explains the increasing sizes of GreB-stimu-would produce the cycles that were observed in TCs
lated 39-cleavage products in TCs with short DNA foot-halted at successive template bases: shrinking DNA
prints (see Figures 2C and 2D): the active site relocatesfootprints (z33 bp→z25 bp) and growing RNA foot-
upon sliding, in contradiction of the inchworm model'sprints (z18 nt→z25 nt), followed by ªjumpsº that reset
assumption that the RNA 39 end defines the position ofthem to the original dimensions (Figure 2B).
the active site in halted complexes.These periodic changes in halted TCs were not ob-
Second, Erie et al. (1993) found that NMP misincorpo-served at all template positions but were found preced-
ration traps the TC in an elongation-incompetent state,ing pause, arrest, and termination sites and as RNAP
escape from which is limited by NTP-binding and isinitially moves away from promoters (Chamberlin, 1995;
greatly stimulated by GreA transcript cleavage protein.Nudler et al., 1995; Wang et al., 1995; Zaychikov et al.,
Backward sliding into a nearly arrested conformation1995; and references in Uptain et al., 1997). This sug-
when a base mismatch destabilizes the hybrid readilygested that discontinuous movements of RNAP mediate
explains these results and suggests a simple mecha-steps in pausing, termination, and arrest. For instance,
nism for transcriptional proofreading.an inchworm compression could set up a rearrangement
Third, jaws of a clamp-like cleft suitably dimensionedof the TC in which a forward jump in the downstream
to surround duplex DNA (z25 AÊ diameter) appear openDNA contact coincident with hairpin formation leads
in a structure of E. coli RNAP containing s initiationto pausing or termination (pause/terminate, Figure 2C).
factor, but closed when s is absent (as expected in anArrest might occur if theupstream DNA contact inoppor-
elongating TC; Polyakov et al., 1995). The jaws may betunely moves upstream, relocating the active site back-
comprised of parts of the b9 and b subunits that encirclewards along the RNA and blocking NTP addition (arrest,
the downstream DNA duplex (see references in NudlerFigure 2C). In an inchworm model most consistent with
et al., 1997). These jaws may resemble the replicationavailable data, arrest does not change the RNA footprint
processivity factors that associate with DNA polymer-because an exit-point contact remains locked (see
Nudler et al., 1995; Wang et al., 1995). ases, encircle DNA as dimers or trimers, and slide freely
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Figure 2. Models for RNAP Translocation
and Effects of Regulatory Sites
(A) Monotonic model (Yager and von Hippel,
1991). RNA chain elongation (green) is de-
picted from the end of a potential hairpin-
forming segment (magenta). A constant 12
bp hybrid is supposed, until hairpin formation
shortens it at a terminator.
(B) Discontinuous footprints observed on
DNA and RNA in TCs halted preceding pause,
termination, and arrest sites (Nudler et al.,
1995; Wang et al, 1995; Uptain et al., 1997,
and references therein). The blue boxes sur-
rounding the RNA and DNA schematics rep-
resent the regions protected from RNAase or
DNAase (e.g., exonuclease III).
(C) Inchworm model (Chamberlin, 1995). RNA in a 39-proximal RNA-binding site lengthens as the active-site-containing domain slides forward.
Vertical arrows indicateobserved positions of GreB-stimulated transcript cleavage. At a pause or terminator, hairpin formation occurs coincident
with a forward leap of the downstream contact. Arrest does not change the RNA footprint because an exit point contact remains locked (not
depicted explicitly in the figure; see Nudler et al., 1995; Wang et al., 1995).
(D) Sliding-clamp model (Reeder and Hawley, 1996; Komissarova and Kashlev, 1997; Nudler et al., 1997). A constant 8 bp hybrid is supposed.
Footprint changes arise from sliding of RNAP along DNA and RNA only after halting or upon arrest. Hairpin formation blocks sliding.
along the duplex to prevent dissociation (Kuriyan and of RNAP III detected kinetically by Matsuzaki et al.
(1994). This idea nicely explains the increase in apparentO'Donnell, 1994).
Fourth, Nudler et al. (1997) have now shown directly Km for UTP as RNAP approaches the release point in a
terminator U run (McDowell et al., 1994). UTP-bindingthat the lateral stabilityof RNAPdepends onthe strength
of the RNA:DNA hybrid. Incorporation of inosine in na- would be increasingly blocked by potential for slipping
as the number of rU´dA basepairs increases, decelerat-scent RNA increases sliding and arrest; incorporation
of BrU decreases them. ing chain elongation and raising apparent Km.
This explanation has two important implications. First,Fifth, crosslinking of RNA to DNA is consistent with
a constant 8 bp hybrid that shifts upstream upon back- since isomerization to the paused conformation involves
formation of the nascent hairpin (see Wang et al., 1995),ward sliding (Nudler et al., 1997). This agrees with pro-
tection of 8±10 template DNA bases from KMnO4 and efficient pausing or termination would require that hair-
pin formation be coordinated with the position of maxi-DEPC in halted TCs (Lee and Landick, 1992; Zaychikov
et al., 1995).However, some DNAbases within the hybrid mal deceleration. This could explain why substitutions
that alter the potential for sliding near the pause sitereact with KMnO4 or DEPC (not possible in a canonical
A-type helix), suggesting it may be a flatter structure (detected as inchworm-like footprints; Wang et al., 1995,
and references therein) reduce pause efficiency.stabilized on the surface of RNAP (Lee and Landick,
1992). This could facilitate sliding by avoiding the topo- Second, downstream DNA contacts also must con-
tribute to lateral stability of the TC, since base substitu-logical consequences of a moving helix.
Does RNAP Slide into Pause and tions in downstream DNA can affect the potential for
sliding. When present, extensive 39-proximal U runs mayTermination Conformations?
To successfully explain pausing and termination, the reduce lateral stability so much that other interactions
matter little. This could explain why U tracts frequentlysliding-clamp model must account both for efficient for-
mation of the paused intermediate and for the decision occur in terminators and arrest sites for T7 RNAP, E.
coli RNAP, and all three eukaryotic RNAPs. Conversely,between escape and dissociation.
Formation of the Paused Intermediate. Pausing effi- sites that depend on other interactions might be specific
for a particular RNAP and might be important for differ-ciency appears to be associated with the potential for
sliding, since base substitutions that alter the inchworm- ential regulation when multiple RNAPs transcribe the
same DNA (e.g., during growth of T7 phage).like footprints at pause signals can reduce pausing effi-
ciency (Wang et al., 1995; Chan et al., 1997). A possible Escape versus Dissociation. Sliding also may pertain to
the pause versus termination decision. Once formed inreason is that the potential for the TC to slip while tran-
scribing the 39-proximal region slows RNAP enough to the paused TC, a pause or terminator hairpin would
block the reverse threading of RNA necessary for back-allow formation of the paused intermediate (Figure 1).
Slow transcription might result either from actual slip- wards sliding, locking RNAP in a single (paused) confor-
mation. Whether the escape or termination pathwayping over multiple base pairs or from occlusion of the
NTP-binding site by the RNA 39 NMP (the pretranslo- then dominates would depend on the paused TC's sta-
bility and capacity for elongation. A terminator hairpincated state of the active site), which could be caused
by the same forces that lead to sliding upon halting (see that leaves only a 7±9 nt 39-proximal region may disrupt
critical RNA-RNAP contacts upstream from the hybrid,the translocational equilibrium model of Guajardo and
Sousa, 1997). trap the TC with an unstable rU´dA-rich hybrid, and thus
cause release to predominate over escape.These ªminipausesº would have shorter half-lives than
the strong signals that halt RNAP to await regulatory A pause hairpin, with its longer, less U-rich 39-proximal
region, may interact with RNAP and stabilize the pausedfactor interactions, and may berelated to the slow states
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TC. However, since all four pause signal components the same potential for sliding, or do different, perhaps
slowly interconverting, populations exhibit differentindependently and simultaneously slow escape of the
his-paused TC (Chan et al., 1997), the hairpin must properties during chain elongation? (a key implication
of the inchworm model; see Uptain et al., 1997, andsomehow inhibit reactive alignment of the RNA 39 end
and incoming NTP. Three possibilities are (i) hairpin for- references therein).
Answering these questions will require even moremation pulls the 39 OH out of the active site; (ii) hairpin
interaction with RNAP locks the 39 OH into the NTP- powerful experimental approaches. Immediate priorities
should be (i) the use of rapid footprinting and crosslink-binding site; and (iii) the hairpin destabilizes the hybrid,
causing the 39 end to fall out of the active site. ing techniques or high-resolution single-molecule mi-
croscopy to examine changes in RNAP structure andPerspective
At least four caveats apply to the sliding-clamp model. DNA position on the timescale of normal chain elonga-
tion, (ii) elucidation of TC structure by electron or X-rayFirst, just as Chamberlin (1995) noted of the inchworm
model, sliding has been detected only in halted TCs. At diffraction of crystals of RNAP, and (iii) study of RNAP
movements in the presence of elongation factors andpresent, we cannot be certain how these movements
relate to events that occur on the rapid timescale of conditions closer to those in vivo.
transcription. It is formally possible that inchworm-like,
Selected Readingflexible movements do occur as the TC elongates rapidly
and lead to sliding once TCs are halted (a reversal of the
Chamberlin, M.J. (1995). In The Harvey Lectures (New York: Wiley-current cause±effect interpretation). Further, although
Liss), pp. 1±21.
rapid fluctuations in the lateral position of the TC are
Chan, C., Wang, D., and Landick, R. (1997). J. Mol. Biol., in press.
an appealing explanation for changes in step-time and
Erie, D.A., Hajiseyedjavadi, O., Young, M.C., and von Hippel, P.H.
apparent Km for NTPs during elongation,whether oscilla- (1993). Science 262, 867±873.
tions are possible on the timescale of transcription is
Guajardo, R., and Sousa, R. (1997). J. Mol. Biol. 265, 8±19.
untested.
Guerin, M., Leng, M., and Rahmouni, A.R. (1996). EMBO J. 15, 5397±
Second, RNAP activity in vivo is modulated by elonga- 5407.
tion factors (e.g., NusA and NusG in E. coli), and we do Komissarova, N., and Kashlev, M. (1997). Proc. Natl. Acad. Sci. USA,
not yet know their effects on the lateral stability of RNAP. in press.
Third, the sliding clamp model does not explain the Kuriyan, J., and O'Donnell, M. (1994). J. Mol. Biol. 234, 915±925.
remarkable ability of the TC to remain intact and active Lee, D.N., and Landick, R. (1992). J. Mol. Biol. 228, 759±777.
when a replication fork passes it (Liu et al., 1993). This Liu, B., Wong, M.L., Tinker, R.L., Geiduschek, E.P., and Alberts, B.M.
has been cited as strong evidence for the inchworm (1993). Nature 366, 33±39.
model and the unimportance of an RNA:DNA hybrid. In Matsuzaki, H., Kassavetis, G.A., and Geiduschek, E.P. (1994). J. Mol.
theory, sliding of RNAP onto newly replicated DNA could Biol. 235, 1173±1192.
allow a replication fork to pass if DNA synthesis restarts Mustaev, A., Kashlev, M., Zaychikov, E., Grachev, M., and Goldfarb,
at a 39 terminus as it emerges from a sliding RNAP (DNA A. (1993). J. Biol. Chem. 26, 19185±19187.
polymerases are distributive; i.e., they can rebind and McDowell, J.C., Roberts, J.W., Jin, D.J., and Gross, C. (1994). Sci-
ence 266, 822±825.extend released 39 ends). However, TCs containing 18
nt RNAs (which can presumably slide at most 10 bp) Nudler, E., Kashlev, M., Nikiforov, V., and Goldfarb, A. (1995). Cell
81, 351±357.survive replication passage (Liu et al., 1993). At best,
Nudler, E., Mustaev, A., Lukhtanov, E., and Goldfarb, A. (1997). Cell,this could allow replication through a TC without disrup-
in press.tion of an 8 bp hybrid, but still demands significant
Polyakov, A., Severinova, E., and Darst, S. (1995). Cell 83, 365±373.disruption of contacts within the z35 bp RNAP footprint
Reeder, T., and Hawley, D. (1996). Cell 87, 767±777.on DNA.
Uptain, S., Kane, C., and Chamberlin, M. (1997). Annu. Rev. Bio-Fourth, some evidence exists for structural flexibility
chem., in press.in RNAP. Stretching between the active site and another
Wang, D., Meier, T., Chan, C., Feng, G., Lee, D., and Landick, R.part of RNAP must be possible because an initiating
(1995). Cell 81, 341±350.nucleotide crosslinked to His-1237 of the b subunit can
Yager, T.D., and von Hippel, P.H. (1991) Biochemistry 30, 1097±be extended by up to 8 nt (Mustaev et al., 1993). A
1118.comparable experiment on crosslinked RNA in an elon-
Zaychikov, E., Denissova, L., and Heumann, H. (1995). Proc. Natl.gating TC has yet to be reported. The ability of RNAP
Acad. Sci. USA 92, 1739±1743.
to extend its RNA chain 7 nt closer to EcoRI or LacI
roadblocks than their individual footprints predict is an
additional suggestion of flexibility (Guerin et al., 1996,
and references therein).
Important questions remain. If the sliding-clamp
model is correct, what properties of RNAP's down-
stream DNA clamp allow it to slide freely along DNA but
to interact specifically at pause and termination sites?
What is the structure of the RNA:DNA hybrid? How far
and how fast can RNAP spontaneously slide along the
RNA and DNA chains? Does structural flexibility exist
in RNAP and does it contribute to events during chain
elongation? Do all TCs at a given template position have
